During spore formation in Bacillus subtilis, cell division occurs at the cell pole and is believed to require essentially the same division machinery as vegetative division.
during vegetative growth and just prior to entry into sporulation in DSM medium at 125 30ºC. Although the divIB null mutant constructed in our laboratory (SU321) appears 126 to be less temperature sensitive for vegetative cell division compared to that 127 previously reported, the drastic effect on sporulation is similarly temperature sensitive 128 (see below; 4, 27) . In the vegetatively-growing wild-type strain, B. subtilis 168 (SU5), 129 in LB-medium at 49°C, divIB disruption (SU321) causes a complete block to cell 130 division (27) . At 30°C this divIB null mutant is only slightly longer than that of the 131 congenic wild-type strain (27) . This divIB-disruption mutant (SU321) will be referred 132 to simply as the divIB mutant. 133
134
The doubling times of the wild-type strain and the divIB mutant during vegetative 135 growth at 30°C in DSM medium (OD 600 ~0.2) were found to be approximately the 136 same; 27.3 min and 29.8 min, respectively. Cell length measurements with live FM4-137 64-stained cells showed that, as with previous experiments, cells of this divIB null 138 mutant are only slightly longer than those of the congenic wild-type strain during mid-139 exponential growth; having a mean cell length of 3.7 ± 0.15 μm compared to 3.0 ± 140 0.17 μm, respectively (Fig. 1A, D) . Thus, the divIB mutant can divide almost as 141 efficiently as the wild-type strain in DSM during exponential growth at 30°C. At the 142 onset of stationary phase (t 0 ; OD 600 ~1.8) divIB mutant cells were also slightly longer 143 than the wild-type cells at 30°C; the mean cell lengths were 2.7 ± 0.11 μm versus 2.2 144 ± 0.11 μm, respectively (Fig. 1B, E ). These differences in average cell length reflect 145 a uniform, small increase in cell length between the two strains and are not due to the 146 presence of a small number of unusually long cells in the divIB mutant population. 147 We also observed that cells of the divIB mutant often formed chains of cells during 148
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on October 3, 2017 by guest http://jb.asm.org/ Downloaded from both vegetative growth (Fig. 1D ) and at the onset of stationary phase at this 149 temperature (Fig. 1E ). This was not evident in the congenic wild-type strain. 150
151
It has previously been reported that a divIB mutant of B. subtilis is unable to sporulate 152 even when grown at low temperatures (4) . To determine the sporulation efficiency of 153 our divIB mutant (SU321) at 30°C we measured sporulation levels of this divIB 154 mutant and wild-type strains in DSM. Under these conditions the wild-type 155 sporulation efficiency was 60 % (1.8*10 8 spores/ml). In the divIB mutant sporulation 156 efficiency was only 0.8 % (8.2*10 5 spores/ml); that is, the divIB mutant sporulates at 157 an efficiency of only 1.3 % of the wild-type (75-fold less). It has previously been 158 shown using immunoblotting experiments that DivIB cannot be detected in this divIB 159 mutant (23) . Furthermore, we have shown that this drastic decrease in sporulation 160 efficiency is due solely to the deletion of divIB, since the divIB mutant could be 161 complemented with a fully functional gfp-divIB fusion inserted at the non-essential 162 amyE locus, which restored sporulation efficiency essentially to wild-type levels, 1.1 163 *10 8 spores/ml (data not shown). From these results we conclude that, although the 164 effect of a divIB null mutation is minimal during vegetative division at low 165 temperatures (30°C), it gives rise to a drastic reduction in sporulation. 166
167
The divIB mutant is impaired at the stage of polar septation. There are two 168 possibilities to explain the differential requirement for divIB at 30°C during vegetative 169 growth and sporulation. Firstly, there may be a specific, modified requirement for the 170 DivIB protein in polar division that occurs during sporulation. Secondly, DivIB may 171 be required at a step of sporulation other than polar septum formation. To address the 172 first possibility, we determined if the divIB mutant was able to form polar septa by 173 (Table 2) . Hence, it appears that 21 % of 177 divIB mutant cells are able to form polar septa, which is 3-fold less than the wild-type. 178
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However, the divIB mutant strain sporulates 75-fold less efficiently than the wild-type 179 strain, with only 0.8 % being able to form heat resistant spores compared to 60 % in 180 the wild-type strain ( Table 2) . We therefore, wanted to examine the polar septa in the 181 mutant cells in more detail using electron microscopy to determine if they are 182 defective in some way that is not evident with FM4-64 staining. Samples were taken 183 for electron microscopy studies from parallel sporulating cultures of the wild-type 184 strain and divIB mutant grown at 30°C in DSM. Some cells of the divIB mutant strain 185 displayed complete, fully formed, polar septa as seen in Fig. 2B . However, all these 186 complete polar septa appeared to be thicker than those in the wild-type (compare Fig.  187 2A with Fig. 2B ), suggesting that the structure of the septal cell wall is altered in the 188 divIB mutant compared to the wild-type strain. Furthermore, some cells of the divIB 189 mutant displayed incomplete polar septa ( Fig. 2C and 2D) , and in some cases only a 190 thin membrane structure could be seen where there was little, if any, cell wall present 191 ( Fig. 2C and D) . These thin membrane structures did not appear to form a continuous 192 membrane barrier between the forespore and mother cell. Importantly, no cells with a 193 disporic phenotype were observed for the divIB mutant by electron microscopy (see 194 also below). Together, these results demonstrate that the divIB mutant is significantly 195 less efficient at forming polar septa than the wild-type strain. respectively, and viewed using fluorescence microscopy.
In the wild-type 214 background, SpoIIIE-GFP foci formed very soon after polar septa became visible and 215 all cells with polar septa contained a SpoIIIE-GFP focus by t 1.5 (Fig. 3B and 3C, 3I) . 216
In contrast, although SpoIIIE-GFP foci did form in the divIB mutant ( Fig. 3F and 3G ) 217 their formation was delayed. At t 1.5 , 5 % of divIB mutant cells that contained a polar 218 septum also contained a SpoIIIE-GFP focus. This increased to 33 % by t 3.0 (Fig. 3I) . 219
The delay in SpoIIIE foci appearance in the divIB mutant sporulating cells is 220 consistent with the delay in polar septum formation observed in the FM4-64-stained 221 cells, and suggests that polar septa in the divIB mutant take longer to form completely 222 compared to the wild-type. Moreover, the results suggest that complete septa could 223 in which a SpoIIIE-GFP focus could be detected, DNA had been translocated from 226 the mother cell to the forespore compartment ( Fig. 3D and 3H) . 227 228 In some cells of the divIB mutant the SpoIIIE-GFP fusion localised along the polar 229 septum instead of forming a focus at the centre of the polar septum (single white 230 arrowheads, Fig. 3G ). This is likely to be an earlier localisation pattern of SpoIIIE 231 that forms prior to the formation of a sharp focus (5, 42) chromosome and is involved in early chromosome segregation during sporulation (9) . 259
To determine if the origin proximal region of the forespore chromosome was being 260 correctly trapped in this compartment in the divIB mutant strain, a spo0J-gfp fusion 261 was utilised. During sporulation in wild-type cells, Spo0J localises as two discrete 262 foci, one of which is trapped in the forespore compartment and the other in the mother 263 cell (19, 21). Data from our experiments were difficult to interpret, firstly, due to the 264 large number of cells of both the divIB mutant and congenic wild-type that contained 265 more than two Spo0J-GFP foci, and secondly, cells containing the spo0J-gfp fusion 266 were unable to form polar septa as efficiently as wild-type strains. Even so, all cells 267 of both the wild-type and divIB mutant strains that had polar septa, contained a single 268 Spo0J-GFP focus in the forespore compartment (data not shown). These data suggest 269 that the early stages of the specialized chromosome segregation that occurs during 270 sporulation in wild-type B. subtilis cells are normal in the divIB mutant. 271
272
Level of σ F Activity in the divIB mutant The specific activation of σ F in the 273 forespore occurs immediately after polar division (8) . It is believed that the polar 274 septum must be completely formed for the compartment-specific activation of σ F to 275
A C C E P T E D
on October 3, 2017 by guest http://jb.asm.org/ Downloaded from occur (16) . Results using the localisation pattern of SpoIIIE-GFP had already 276 suggested that 9 % of divIB mutant cells are able to form a completed polar septum. 277
To determine whether the further decrease in sporulation in these mutant cells was 278 due to the inability of the abnormally thick, but completed polar septum we 279 determined the proportion of divIB mutant cells that are able to activate σ F activity in 280 the forespore. We utilised a σ The divIB mutant is deficient in engulfment. The DNA translocase, SpoIIIE, has a 300 second function during sporulation involving the fusion of the mother-cell membrane 301 at the final stages of engulfment (41) . It has been shown that after localising as a 302 focus at the polar septum where it performs a chromosome segregation role, SpoIIIE 303 moves as a discrete focus around the forespore during engulfment, ending at the cell 304 pole where it is proposed to be involved in fusion of the mother-cell membrane (41) . 305
In the congenic wild-type strain we often observed SpoIIIE-GFP foci to migrate with 306 the mother cell membrane around the forespore to the cell pole. Remarkably 307 however, this was never observed in the divIB mutant, suggesting a block in 308 engulfment. 309
310
When divIB mutant cells were collected at t 4 -t 6 and viewed using FM4-64, it was 311 apparent that the engulfment process in this strain was not normal (Fig. 5) . In the 312 wild-type cells the septal membranes migrate around the forespore eventually fusing 313 at the cell pole, and encasing the forespore within a double layer of membrane; the 314 forespore membrane and the engulfing mother-cell membrane ( Fig. 5A; 33) . In sharp 315 contrast, in the divIB mutant the septal membranes appeared to thicken extensively 316 but did not migrate around the forespore (Fig. 5B) . It was also observed that, at these 317 later time points of sporulation, a considerable number of the cells were lysing in the 318 divIB mutant (data not shown). 319
320
To investigate the structure of the divIB mutant polar septum more fully at these later 321 stages of sporulation, electron microscopy was employed. Samples were taken from 322 parallel cultures of the divIB mutant and the congenic wild-type strains between t 4 -t 6 . 323
In wild-type cells after polar septation, the septal cell wall is thinned. This requires 324 ultimately allow the forespore compartment to push into the mother cell during the 328 process of engulfment ( Fig. 6A and 6B; 25) . Once the peptidoglycan has been 329 completely removed from the septum, the mother cell membrane migrates around the 330 forespore (Fig. 6C) engulfing it (Fig. 6D; 33 ). Some cells of the divIB mutant 331 appeared to have commenced the initial stages of septal wall thinning (Fig. 6E and  332 6F). Although this thinning begins in the middle of the septum in some cells (Fig.  333 6E), in others it appears to have commenced at a different location (Fig. 6F ). This 334 suggests that the spatial regulation of hydrolysis of the septal peptidoglycan is 335 defective in the divIB mutant. Furthermore, the peptidoglycan of the polar septal wall 336 in the mutant cells did not appear to be thinned completely before the forespore began 337 to push into the mother cell ( Fig. 6G and 6H ). This resulted in a constricted bulge 338 into the mother cell which was never observed in the wild-type. We never observed 339 the mother cell membrane migrating around the forespore in the divIB mutant 340 suggesting that this mutant is unable to undergo this stage of sporulation. Together, 341 these results strongly suggest that DivIB is required for engulfment and that the 342 inability of the divIB mutant to undergo engulfment is at least partly responsible for 343 its low efficiency of sporulation. 344
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345
Discussion 346
The role of DivIB in cell division is unknown. Unlike most other bacterial division 347 genes, however, divIB of B. subtilis is unusual in that it is only required for vegetative 348 growth at high temperatures. However, this gene is essential for efficient spore 349 for cell-specific gene expression required for cellular differentiation (16, 17, 24) . 362
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Using the membrane stain FM4-64, polar septation was observed to be delayed in the 363 divIB mutant and also less efficient, occurring at one third the efficiency of the wild-364 type strain. Closer examination of the polar septa in the mutant by EM showed 365 however, that many of them were incomplete, and that the completed septa were 366 thicker than those of the wild-type (24) . The thicker polar septa of the divIB mutant 367 more closely resemble vegetative septa, which contain substantially more 368 peptidoglycan than sporulation septa. These results suggest that DivIB plays a 369 specific role in sporulation septation that involves the modification of the polar septal 370 peptidoglycan. This proposed role is consistent with the topology of DivIB in the 371 membrane, with the functional C-terminal bulk of the protein being accessible to the 372 cell wall (22, 26) . The only other protein that, when absent in B. subtilis, forms a 373 thick polar septa is SpoIIE, a bifunctional protein critical for polar cell division in this 374
on October 3, 2017 by guest http://jb.asm.org/ Downloaded from organism (7, 29) . SpoIIE is unique in that it is the only protein known to be required 375 for polar septation but not for vegetative symmetric division, raising the possibility 376 that it too is involved in the modification of polar septal peptidoglycan (3, 25) . We 377 propose that both SpoIIE and DivIB together are required for production of the 378 thinner polar septum. One simple hypothesis is that SpoIIE alters the vegetative 379 division function of DivIB in some way during polar septum formation, to produce 380 the thinner polar septum. If either of these proteins is absent, this modification of the 381 peptidoglycan does not occur, producing an abnormally thick polar septum. SpoIIE-382 GFP localises to the polar septum with wild-type efficiency in our divIB mutant strain 383 (unpublished results), so the abnormally thick polar septa in the divIB mutant is not a 384 consequence of SpoIIE mislocalization. These findings are consistent with a function 385
for DivIB in vegetative (medial) cell division that involves synthesis and/or 386 modification of septal peptidoglycan. The stricter requirement for DivIB during polar 387 septum formation may arise from an essential interaction with a sporulation specific 388 protein, such as SpoIIE. 389 390 Using SpoIIIE-GFP localization as an indicator of completed polar septa, we showed 391 that the polar septum formed completely in a significant proportion, 9 %, of the divIB 392 mutant cells. This is consistent with the percentage of cells able to activate σ allows the mother cell membrane to migrate around the forespore and then fuse, so 426 that the forespore is wholly contained within the mother cell. Interestingly, electron 427 micrographs showed that thinning of the polar septa had initiated in at least some 428 divIB mutant cells, but this process appeared spatially unregulated as it did not always 429 commence in the middle of the septum as in wild-type cells, but closer to the edges of 430 the cell (Fig. 6F) . Furthermore, no matter where the septal thinning process began in 431 the divIB mutant, the cell wall material of the polar septa was not thinned completely 432 resulting in bulging of the septal membranes into the mother-cell ( Fig. 6G and 6H) . A. Henriques a a → b, chromosomal DNA from strain a was transformed into strain b. 
